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1
METHOD FOR CONTROLLING A MOTOR
VEHICLE POWERTRAIN

CROSS-REFERENCE TO OTHER
APPLICATIONS

This is a National Phase of International Application No.
PCT/GB2005/003098, filed on Aug. 8, 2005, which claims
priority from Great Britain Patent Application No.
0420007.7, filed on Sep. 9, 2004.

BACKGROUND OF THE INVENTION

1). Field of the Invention

The present invention is concerned with control of a motor
vehicle powertrain having a continuously variable transmis-
sion of torque-controlled type.

2). Discussion of Related Art

In any continuously variable transmission there is a unit,
referred to herein as a “variator”, which provides a continu-
ously variable drive ratio. The variator couples to other parts
of' the transmission—typically gearing leading on one side of
the variator to the engine and on the other side to driven
components such as the driven wheels of a motor vehicle—
through rotary input and output members. The ratio of rota-
tional speeds of the variator’s input and output members is the
“variator drive ratio”. The overall ratio of speeds of input and
output members of the transmission itself——coupled to the
engine and the driven wheels respectively—is the “transmis-
sion ratio”.

The concept of “torque control” is known in this art but will
now be explained. It is useful to distinguish torque control
from the alternative of “ratio control”.

A ratio-controlled variator receives a control signal repre-
senting a required variator drive ratio. The variator responds
by adjusting its drive ratio to the required value. The adjust-
ment typically involves detecting the position of a ratio-de-
termining element of the variator (e.g. the separation of the
sheaves in a belt-and-sheave variator, or the position of the
rollers in a toroidal-race type variator) and adjusting the
actual position of this element to a desired position (deter-
mined by the control signal) using a feedback loop. Thus in a
ratio controlled variator, ratio is a function of the control
signal.

This is not the case in a torque-controlled variator. Instead
a torque-controlled variator is constructed and arranged such
as to exert upon its input and output members a reaction
torque which corresponds directly to the control signal. It is
torque which is the control variable rather than drive ratio.
Changes in speed of the variator input and output, and hence
changes in variator drive ratio, result from the application of
these torques, added to the externally applied torques (e.g.
from engine and wheels), to the inertias coupled to the varia-
tor input and output. The variator drive ratio is permitted to
change correspondingly. “Reaction torque”, as used herein, is
the sum of the torques exerted by the variator upon its input
and output members.

The challenges involved in controlling a torque-controlled
transmission are very different from those involved in con-
trolling a ratio-controlled transmission. In the latter, since the
variator maintains a chosen drive ratio, torque at the driven
wheels is related directly to engine torque. Engine speed
control is a relatively straightforward matter since, by main-
taining a set drive ratio, the transmission provides a direct
relationship between engine speed and vehicle speed. In a
torque controlled transmission, in which drive ratio is not the
control variable and is permitted to vary, the engine and
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wheels can be thought of as being effectively de-coupled from
one another. Wheel torque is controlled by the variator rather
than by engine torque. Engine speed is not constrained to
follow vehicle speed. Instead the control signal applied to the
variator determines a loading torque applied by the variator to
the engine. Combustion within the engine creates an engine
torque. The sum of loading torque and engine torque acts
upon the inertia referred to the engine (contributed by masses
in both engine and the transmission) and so determines
engine acceleration. While the loading torque and the engine
torque are equal and opposite, engine speed is constant.
Changes in engine speed result from an inequality between
these torques. Dynamic matching of engine torque to loading
torque is thus fundamental to management of the drive line as
a whole and of engine speed in particular. Failure to manage
the balance would allow unwanted changes in engine speed.

Effective utilization of torque-controlled transmissions
depends on electronics to regulate the engine and transmis-
sion in unison. Early papers on the electronic control of such
apowertrain are by Stubbs—*“The Development of a Perbury
Traction Transmission for Motor Car Applications”, ASME
(The American Society of Mechanical Engineers) paper no.
80-GT-22, March 1980 and also by Ironside and Stubbs
“Microcomputer Control of an Automotive Perbury Trans-
mission”, IMechE paper no. C200/81, 1981. Both papers
describe a project concerned with electronic control of a
transmission based on a toroidal-race rolling-traction type
variator operating in torque-controlled mode. The driver’s
demand was interpreted as a requirement for wheel torque,
which was then converted into a requirement for engine
power by multiplication by the rotational speed of the vehicle
wheels. From this power, target values for the engine torque
and engine speed were selected. The engine was to produce
the target torque, and the variator reaction torque was
adjusted to bring the engine speed to the target value, using a
closed loop based on engine speed. In this scheme the target
engine torque and speed are the values at which the engine
would desirably be run in a “steady state” where engine speed
was constant. In this steady state the target engine speed and
torque, acting through the transmission, would provide the
wheel torque demanded by the driver. Stubbs’ simple
approach to management of engine speed proves inadequate
in practice. The transmission ratio is prone to oscillation and
the vehicle lacks “driveability”. The adjustment of variator
reaction torque used to control engine speed means that, when
engine acceleration takes place, the actual wheel torque dif-
fers from the driver’s demand.

A more sophisticated approach involves setting the engine
torque not to its target value but instead to a value modified to
take account of the engine torque required to accelerate pow-
ertrain inertias contributed by rotary components of the
engine and transmission. In this way the engine contributes to
control of the aforementioned dynamic balance. Calculation
of'the necessary engine torque has hitherto been based upon
a required acceleration of the engine. It has now been recog-
nised, however, that in setting the engine torque account
should additionally be taken of the acceleration of the motor
vehicle itself.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the present invention,
there is a method of controlling a motor vehicle powertrain
comprising an engine which provides a controllable engine
torque and acts through a continuously variable transmission
to apply wheel torque to driven wheel(s) of the motor vehicle,
the transmission being of the torque-controlled type, and the
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method comprising determining a reaction torque require-
ment and an engine torque requirement suitable to create a
desired wheel torque and a desired engine acceleration and
setting the engine torque and reaction torque accordingly, and
being characterised in that the aforementioned calculation
involves estimating and allowing for vehicle acceleration.

Estimation of vehicle acceleration may be based upon the
desired wheel torque. Vehicle acceleration additionally
depends upon the action of the vehicle brakes, and its estima-
tion preferably includes estimating their braking force.
Vehicle acceleration also depends upon variable factors exter-
nal to the powertrain including vehicle mass and road gradi-
ent. An adaptive model is preferably used, which incorporates
adjustable parameters representing such external factors, to
estimate the vehicle acceleration.

Preferably the desired engine acceleration is determined on
the basis of current engine speed and a target engine speed.
This may atits simplest involve choosing a target acceleration
which is proportional to the difference between current and
target engine speeds. A more sophisticated function is pre-
ferred, however, to profile the engine acceleration.

Of course in most motor vehicles control is exercised by the
driver through an accelerator control such as a pedal. The
driver’s input is preferably used as the basis for determination
of the desired wheel torque.

It is particularly preferred that the engine torque require-
ment is the sum of (i) the engine torque needed to accelerate
moments of inertia of the engine and transmission, taking
account of desired engine acceleration and estimated vehicle
acceleration and (ii) the engine torque needed to provide the
desired wheel torque, acting through the transmission. Hence
the engine can be set to provide the torque required both to
accelerate the engine and to provide the desired wheel torque.
Of course the available engine torque is finite and from time
to time the engine torque requirement determined in this way
will exceed the engine’s capacity. In this circumstance an
alternative strategy is used, e.g. to set the engine torque at the
available maximum.

It is particularly preferred that a model of the transmission,
taking account of both current transmission ratio and trans-
mission efficiency, is used in determining the engine torque
needed to provide the desired wheel torque.

In typical transmissions there are rotary inertias whose
speed is dependent on both the engine speed/transmission
input speed and the speed of the vehicle/transmission output.
Preferably, in calculating the engine torque needed to accel-
erate moments of inertia of the engine and transmission,
allowance is made for (a) an engine-side inertia, contributed
by those rotary engine and transmission components whose
speed is proportional to engine speed, and (b) a free inertia,
contributed by those transmission components whose speed
is dependent upon speed of both the engine and the driven
wheel(s) of the motor vehicle.

It is particularly preferred that acceleration of the free
inertia is estimated based upon the desired engine accelera-
tion and the estimated vehicle acceleration.

In such transmissions it is preferred that the engine torque
requirement is the sum of (i) the engine torque needed to
accelerate an engine-side inertia, contributed by those rotary
engine and transmission components whose speed is propor-
tional to engine speed, (ii) the engine torque needed to accel-
erate a free inertia, contributed by those components of the
transmission whose speed is dependent upon speed of both
the engine and the driven wheels, and (iii) the engine torque
needed to accelerate the vehicle. In this way the engine torque
can be accurately set to take account of all of the relevant
powertrain inertias.
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It is necessary to adjust the variator reaction torque in
sympathy with the engine torque. Preferably the reaction
torque requirement is the sum of (a) the reaction torque
required to cause acceleration of the free inertia, and (b) the
reaction torque required to cause acceleration of the vehicle.

A problem arises because the engine’s response to its con-
trols cannot be taken to be instantaneous. A lag in the produc-
tion of engine torque could disrupt control of the dynamic
balance of the engine/transmission interface. In accordance
with a preferred embodiment, the method further comprises
determining, talking account of lag in the engine’s response,
an estimated instantaneous engine torque, and taking account
of'this in setting the reaction torque.

In accordance with a second aspect of the present invention
there is a method of controlling a motor vehicle powertrain
comprising an engine which provides a controllable engine
torque and acts through a continuously variable transmission
to apply a wheel torque to driven wheel(s) of the motor
vehicle, the transmission comprising a variator which has a
rotary input and a rotary output and which provides a con-
tinuously variable ratio of input to output speed, the variator
being of the type which creates a reaction torque, defined as
the sum of the torques exerted by the variator at its input and
output, which is directly determined by a control signal
applied to the variator and which allows its ratio to vary
automatically to accommodate consequent changes in its
input and output speed, the transmission further comprising
gearing by which the variator is coupled between the engine
and the driven wheels, wherein moments of inertia of the
powertrain comprise (i) an engine-side inertia referred to the
variator input comprising components, including rotary
engine components, whose speed is proportional to the varia-
tor input speed; (ii) a vehicle-side inertia comprising compo-
nents whose speed is proportional to the variator output
speed; and (iii) a free inertia whose speed varies with the
speeds of both the variator input and the variator output, the
method comprising setting the engine to provide an engine
torque which is the sum of (1) engine torque required to
provide a desired wheel torque, acting through the transmis-
sion, (2) engine torque required to provide a desired accel-
eration of the free inertia and (3) engine torque required to
accelerate the engine-side inertia and setting the variator reac-
tion torque to provide at the variator output the total torque
required to (i) provide the desired wheel torque and (ii) accel-
erate the free inertia such that a net difference between the
engine torque and the torque referred to the engine by the
variator is suitable to provide the required acceleration of the
engine-side inertia.

BRIEF DESCRIPTION OF THE DRAWINGS

Specific embodiments of the present invention will now be
described by way of example only, with reference to the
accompanying drawings, in which: —

FIG. 1 is a highly simplified illustration of a toroidal-race,
rolling-traction variator, of a type known in itself, suitable for
use in implementing the present invention;

FIG. 2 is a highly schematic representations of a power-
train of torque-controlled type suitable for implementing the
present invention.

FIGS. 3 and 4 are both schematic representations of a
“power-recirculatory” type multi-regime transmission suit-
able for use in implementing the present invention;

FIG. 5 is a schematic representation of a control system for
use in implementing the present invention;
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FIGS. 6a and 65 are graphs representing the interpretation
of'a driver’s control input in a control system embodying the
present invention; and

FIG. 7 is a flow diagram representing a method of power-
train control embodying the present invention;

DETAILED DESCRIPTION OF THE INVENTION
1. The Transmission and Variator

The present invention has been developed in connection
with a vehicle transmission using a torque-controlled variator
of toroidal-race, rolling-traction type. The invention is con-
sidered potentially applicable to other types of torque-con-
trolled transmission.

Nonetheless the toroidal-race variator in question will now
be very briefly described, in order to illustrate certain relevant
principles. More detail on both the construction and function
of this type of variator is to be found in various patents and
published applications held by Torotrak (Development) Ltd.
including European patent EP444086.

FIG. 1 illustrates some of the major components of the
variator 10 and FIG. 2 illustrates, in highly schematic format,
major parts of a drive line incorporating the variator. In FIG.
1 the variator is seen to comprise co-axially mounted input
and output discs 12, 14 together defining a toroidal cavity 16
containing a variator roller 18. The roller runs on respective
faces of the input and output discs in order to transmit drive
from one to the other. The roller is mounted in a manner
permitting it to move along a circumferential direction about
the axis 20 of the discs 12, 14. The roller is also able to
“precess”. That is, the roller’s axis is able to rotate, changing
the inclination of the roller to the disc axis. In the illustrated
example the roller is mounted in a carriage 22 coupled by a
stem 24 to a piston 26 of an actuator 28. A line 19 from the
centre of the piston 26 to the centre of the roller 18 constitutes
a “precession axis” about which the whole assembly can
rotate. Changes in the inclination of the roller result in
changes in the radii of the paths traced on the input and output
discs 12, 14 by the roller. Consequently a change in roller
inclination is accompanied by a change in variator drive ratio.
Note that the precession axis does not lie precisely in a plane
perpendicular to the disc axis, but is instead angled to this
plane. This angle, labeled CA in FIG. 1, is referred to herein
as the “castor angle”. As the roller moves back and forth it
follows a circular path centred on the disc axis. Furthermore,
the action ofthe discs 12, 14 upon the rollers tends to maintain
the rollers at such an inclination that the roller axis intersects
the disc axis. This intersection of the axes can be maintained,
despite movement of the roller along its circular path, by
virtue of the castor angle. The result is that translational
movement of the roller about the disc axis is accompanied by
precession of the roller and so by a change in variator drive
ratio. If one neglects slip between the roller and the discs, the
position of the variator roller corresponds to the variator drive
ratio and so to the speed ratio between the engine and the
driven wheels.

The actuator 28 receives opposed hydraulic fluid pressures
through lines 30,32 and force applied to the roller by the
actuator corresponds to the difference in pressures in the
lines. This pressure difference is the primary control signal
applied to the variator, in this example. The effect of this force
is to urge the roller to move along its circular path about the
disc axis. Equivalently one can say that the actuator exerts a
torque about the disc axis upon the roller. The actuator torque
is balanced by torque created by the interaction of the roller
with the discs. The roller exerts a torque -T,, upon the input
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disc 12 and a torque -T,,, upon the output disc 14. Corre-
spondingly the discs together exertatorque T, +T,,, upon the
roller, about the disc axis. The quantity T,,+T,,, (the reaction
torque) is equal to the actuator torque and so directly propor-
tional to the control signal formed by the aforementioned
pressure difference. Hence this control signal determines the
reaction torque created by the variator.

The illustrated variator 10 is of course greatly simplified
for the sake of clarity. For instance a practical variator typi-
cally has two pairs of input/output discs defining two toroidal
cavities each of which contains a set of rollers. In such an
arrangement the reaction torque is the sum of the torques
applied to all of the variator rollers. The principles of opera-
tion set out above are however essentially unchanged in a
practical transmission.

2. The Dynamic Balance at the Engine/Transmission
Interface

FIG. 2 is a highly simplified representation of a transmis-
sion using a torque-controlled variator, intended to illustrate
some of the issues involved in management of such a trans-
mission.

Box 40 represents the total moment of inertia J_ referred to
the engine (input) side of the variator. The moment of inertia
of the rotating parts of the engine, as well as the moments of
inertia of certain parts of the transmission, contribute to the
engine-side inertia J,. In this highly simplified drawing a
direct coupling is shown between the variator input disc 12
and the box 40 representing the engine-side inertia J,. In areal
transmission, of course, one would have to take account of
gearing interposed between the engine and the variator.

Box 42 represents the total moment of inertia J , referred to
the vehicle (output) side of the variator (the “vehicle-side
inertia”). Contributions to this inertia come from rotating
masses on the vehicle side of the powertrain, such as the
vehicle wheels, differential gear and the gearing coupling it to
the variator, but also from the mass of the vehicle itself, whose
linear inertia acting through the vehicle wheels can be treated
as contributing to the vehicle-side moment of rotary inertia.

As explained above, by setting the primary control signal to
the variator 10, the reaction torque T, +7T_,,, is determined. T, ,
and T,,,,, the torques created at the input and output discs of
the variator, are marked in the drawing. Note also that the ratio
T,/T,,.1s (neglecting frictional losses) equal to the variator
ratio. Hence for a given instantaneous variator ratio, setting
the variator’s control signal determines both T, and T .

Consider now the torques acting upon the engine-side iner-
tia J,. Combustion within the engine creates an engine torque
T,. (Note that the “engine torque”, as the term is used herein,
is not necessarily the torque acting upon the engine’s output
shaft, since while the engine is accelerating some of the
engine torque is reacted by the engine’s own rotary inertia).
The transmission exerts upon the inertia J, a loading torque
which, in the highly simplified example illustrated, is equal to
the torque T,, at the variator input disc (in a practical trans-
mission the effect of intervening gearing between engine and
variator would have to be taken into account). The sum of'the
engine torque T, and the loading torque acts upon the engine-
side inertia J, so that an inequality between loading torque
and engine torque causes acceleration of this inertia and
hence change in engine speed w,. The variator automatically
accommodates the resultant change in transmission ratio.
Hence in order to control engine speed it is necessary to
control the dynamic balance between the engine torque and
the loading torque applied to the engine by the transmission.
This must be done while at the same time providing the driver
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with torque at the driven wheels of the vehicle (“wheel
torque”) which acceptably reflects the driver’s demand as
communicated through the accelerator control.

Looking now at the vehicle (output) side of the transmis-
sion, the variator output torque T, is, at a given instanta-
neous drive ratio, determined by the variator control signal, as
explained above, and is passed on to the vehicle wheels.
Againthe drawing is highly simplified in showing the variator
output disc 14 as being coupled directly to the vehicle-side
inertia J,, whereas in reality gearing couples the variator to
the vehicle wheels, and it is through the wheels that the inertia
due to the vehicle mass makes its contribution. Acceleration
of the variator output disc, and hence of the driven vehicle
wheels and the vehicle itself, results from a net imbalance
between the variator output torque T,,, and the torques
referred to the variator from the vehicle wheels (dependent on
road gradient, drag etc) and also the vehicle brakes. Vehicle
speed change results in change of the rotational speed of the
variator output disc, and again the consequent change of
variator ratio is automatically accommodated by the variator.

One of the main tasks of the system controlling the pow-
ertrain is to manage the aforementioned dynamic balance
between engine and loading torque, to control engine speed,
while at the same time providing torque at the driven wheels
which reflects the driver’s requirements. This balance can be
altered through adjustments to engine torque and to reaction
torque.

3. Powertrain Inertias

It must be stressed that FIG. 2 is a highly simplified repre-
sentation intended largely to illustrate the significance of the
dynamic balance between engine and transmission. A more
sophisticated understanding of the dynamics of the transmis-
sion is required for the discussion below. In FIG. 2 the pow-
ertrain inertias are represented by two quantities—the
engine-side inertia J, and the vehicle-side inertia J,. It has
now been recognised that in current transmissions there is a
third inertia which can accelerate at a rate different from the
other two and therefore falls to be considered separately from
them. This will be referred to as the transmission’s free inertia
J To understand its origin it is necessary to consider in more
detail the construction of a practical, multi-regime continu-
ously variable transmission, as illustrated (in schematic form)
in FIGS. 3 and 4.

Such transmissions use gearing and some form of releas-
able engagement means such as clutches or brakes to enable
the variator to be coupled between the engine and driven
wheels in two or more different regimes, the relationship
between variator ratio and the overall drive ratio of the trans-
mission being different in the different regimes. In this way
the transmission can provide a range of ratios larger than that
offered by the variator alone. Such transmissions are well
known to the skilled person and their physical construction
will not be described in detail herein.

In both of FIGS. 3 and 4 box 50 represents the vehicle
engine. The variator is indicated at V and an epicyclic mixer
gear at E. Epicyclic gearing will be familiar to the skilled
person. Mixer gear E has three rotary shafts coupled respec-
tively to sun, planet and ring gears of the epicyclic (not
shown). Items R | -R, are each fixed ratio gearing. Clutches C,,
and C, serve respectively to engage high and low transmis-
sion regimes. The engine is coupled through gearing R, R, to
one shaft of the epicyclic mixer. It is also coupled through
gearing R,, R, and variator V to a second of the epicyclic
mixer’s shafts. The third shaft of the epicyclic mixer is able to
be coupled through low regime clutch C, and gearing R, to
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the transmission output 52. Consequently when clutch C, is
engaged (and clutch C,, is disengaged) as shown in FIG. 3,
power is transmitted through the epicyclic mixer E to the
output, as well as being recirculated in a loop comprising the
mixer E, the variator V and the gearing R,, R;. When low
regime clutch C, is disengaged and high regime C,, clutch is
engaged, however, as shown in FIG. 4, the mixer is effectively
removed from the power path between the engine and wheels.
Instead this path is through gears R, R,, R, and the variator
V.

Inertias in the powertrain are in these drawings schemati-
cally represented at: —

J,, the moment ofinertia of the engine and of those parts of the
transmission coupled directly to the engine—that is, those
parts which are coupled to the engine without clutches, varia-
tor or mixer as intermediary, and so rotate at a speed equal or
proportional to that of the engine in both regimes;

J,, the inertia of the variator output discs and of those parts of
the transmission directly coupled to it;

J;, an inertia contributed by those parts of the transmission
directly coupled to the output of the epicyclic mixer E; and
J,, the inertia referred to the transmission output, including
the inertia of the vehicle itself (which again can be treated as
a moment of inertia acting through the vehicle wheels) and
that of the downstream powertrain components—final gear-
ing, differential gear, driven wheels etc.

The three aforementioned moments of inertia J,, J,, J,
needed to understand and model the powertrain’s behaviour
can be expressed in terms of J,-J,, although the expressions
are different in high and low regimes. In low regime (FIG. 3)
the vehicle-side inertia J, comprises the vehicle’s inertia J,
added to the transmission inertia J; which is coupled to it
through clutch C,. Transmission inertia J, needs to be con-
sidered separately from both J, and J,, because changes in its
rotational speed are different from either. Hence in low
regime I, forms the free inertia I

In high regime the vehicle-side inertia J is formed by the
vehicle’s inertia J, added to transmission inertia J,, these
being directly coupled through engaged clutch C,. Here,
transmission inertia J; is subject to speed changes different
from those experienced by both J, and J , and forms the free
inertia I

4. The Control System
Overview

A broad overview of the main components of a powertrain
control system embodying the present invention is provided
in FIG. 5. In this drawing the engine is again represented at
50.

The control of both engine and transmission is performed
electronically, subject to direction from the driver. Conven-
tional digital microprocessors are programmed for this task in
the present embodiment. The illustrated architecture serves as
an example only and may be further simplified in production
versions, but comprises an electronic Powertrain Control
Unit (“PCU”) which receives data from instrumentation asso-
ciated with the engine, the transmission and also from the
driver’s control 54 (formed e.g. by the accelerator pedal of a
conventional motor vehicle). In response the PCU provides
outputs controlling both engine and transmission. Engine
control is carried out through an electronic engine controller
56. The transmission itself is seen in schematic form at 58,
and includes the variator V and epicyclic mixer E. A box 60
represents the vehicle as a whole.
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The powertrain control system to be described below,
implemented in software and principally in the PCU, can be
thought of as involving, at a high level, three main operations
which are repeated at frequent intervals: —

1. Interpret Driver Demand. The driver of course conven-
tionally controls the vehicle through an accelerator con-
trol such as the pedal 54. In the present system the
driver’s input is interpreted to provide base requirements
for (1) engine speed and (2) engine torque.

2. Select Required Engine and Transmission Settings.
These are based upon the base engine speed/torque
requirements but differ from them as necessary to pro-
vide for acceleration of powertrain inertias to achieve
the desired engine speed.

3. Correct Engine and/or Transmission Settings. In the
present system this is done in a feedback loop, based
upon engine speed, with the objective of correcting
engine speed toward a predicted profile.

While the present invention is concerned in particular with
the second of these operations, the first and third will also be
described in order that the operation of the system can be
understood.

5. Interpretation of Driver Demand

The control system initially maps the position of the accel-
erator control onto driver demands for (A) torque at the driven
vehicle wheels (referred to below simply as “wheel torque”™)
and (B) engine speed. In doing so it takes account of current
vehicle speed. FIG. 6a is a graph showing the driver demand
for engine speed (SpdEngDr) against the vehicle speed (Spd-
Veh) and the accelerator pedal position (PosPedal). FIG. 65 is
a graph of the driver demand for wheel torque (TrqWheelDr),
once more plotted against vehicle speed and accelerator pedal
position. These relationships are recorded within the control
system, talking the form of look-up tables in the present
embodiment.

A model of the transmission is then used to calculate what
engine torque is needed to provide the wheel torque
demanded by the driver. The model takes account of course of
current transmission ratio and allowance is also made for
energy losses within the transmission. The model’s output
serves as the driver’s requested engine torque.

Hence the system as described so far provides values,
corresponding to the driver demand, for both engine speed
and engine torque. These may be passed to other parts of the
control system unmodified. However the present system also
offers the potential to improve performance, e.g. with regard
to fuel economy, by modifying the driver’s demands. This is
done by first multiplying the demanded engine torque by the
demanded engine speed to obtain a value of engine power
corresponding to the driver demand, this demanded engine
power then being used in conjunction with an engine map, or
set of maps, to determine modified values for engine torque
and speed which provide the demanded power. The map or
maps are recorded within the control system. A map may for
example be used to optimise fuel efficiency. For any level of
power demanded of the engine there is a combination of
engine speed and engine torque which provides that power for
least expenditure of fuel. On a graph of engine speed against
engine torque the locus of such points forms an “optimal
efficiency line” and the control system may be arranged to
select points upon this line for engine operation, deviating
from it e.g. where the most fuel efficient engine operating
point would produce unacceptable noise, vibration and harsh-

ness (NVH).
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Whether or not the driver’s demanded values are modified,
the outputs from the first part of the control system so far
described comprise (1) the base requirement for engine
torque (which will be given the variable name TrqEng-
BaseReq) and (2) the base requirement for engine speed
(SpdEngBaseReq).

6. Selection of Required Engine and Transmission
Settings

As explained above, control of engine speed in a power-
train incorporating a torque controlled transmission depends
upon management of the balance between the torque created
by the engine and the loading applied to the engine by the
transmission. Furthermore the requirements imposed on the
powertrain are highly dynamic. The driver’s demands for
engine speed and torque change frequently, as does the load at
the transmission output (due to road gradient, vehicle braking
etc). There is typically a discrepancy between the base
requirement for engine speed and the actual engine speed.
Settings for the engine torque controller and the transmission
are required which serve to accelerate the engine toward the
base speed requirement while providing a wheel torque
which acceptably reflects the driver’s demand. FIG. 7 is a
block diagram showing the functional elements of the strat-
egy, implemented in the PCU, for selecting these settings.

Input to this strategy, as shown to the left of the diagram,
are the base requirements SpdEngBaseReq and TrgEng-
BaseReq produced by the interpretation of the driver’s
demand. The strategy’s outputs are (1) a request TrqEngReq
for engine torque, (2) a request PressDiftReq for differential
pressure to be applied to the variator (and it will be recalled
from the earlier discussion of the variator that the pressure
differential applied to it corresponds to the reaction torque
whichit creates) and (3) a prediction AccEngFst of the engine
acceleration. The significance of this third output will be
explained below. The manner in which the outputs are
obtained from the inputs can be considered to involve three
main steps: —

a. determine the engine torque required to accelerate power-
train and vehicle inertias and use this to form the engine
torque requirement;

b. model the engine’s response to the resulting engine torque
request; and

c. set the variator reaction torque based upon the engine
response model.

Dotted boxes a, b, ¢ in FIG. 7 contain the functional ele-
ments which perform these steps, as will now be explained in
more detail, beginning with step a.
6a. Formation of Engine Torque Requirement

To determine the net torque required of the engine it is
necessary to consider (i) the torque required to accelerate the
engine (i.e. to accelerate the engine-side inertia J,), (ii) the
torque required to accelerate the transmission’s free inertia J
and (iii) the torque required to drive the vehicle wheels. These
calculations will now be considered in turn.

6a (i) Torque to Accelerate Engine-Side Inertia.

Recall that one of the functions of the control system is to
manage changes in engine speed—i.e. changes in the rota-
tional speed of the engine-side inertia J,. The goal is to adjust
engine speed toward the base requirement SpdEngBaseReq.
To this end a profiler function 700 receives both the base
requirement SpdEngBaseReq and the current engine speed
SpdEng, and by comparison of the two defines a base require-
ment for engine acceleration, AccEngBaseReq. The profiler
may for example set AccEngBaseReq to be proportional to
the current difference between SpdEngBaseReq and SpdEng,
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so that the engine’s acceleration is proportional to the differ-
ence between actual and base required engine speeds. Other
relationships can alternatively be used. Functional block 702
serves to calculate what net torque needs to be applied to the
inertia J, to accelerate it at the base required rate AccEng-
BaseReq.

6a (i1) Torque to Accelerate Free Inertia.

The rotational speed of the free inertia Jdepends upon the
rotational speed of both the engine and the vehicle wheels, as
will be clear from FIGS. 3 and 4. Hence to obtain the accel-
eration of free inertia J, both vehicle and engine acceleration
are needed. It has already been explained how the system
obtains a required value for engine acceleration and this value
AccEngBaseReq is input to block 703 which serves to calcu-
late the torque required to accelerate the free inertia. The same
block also receives an estimate of vehicle acceleration,
obtained as follows.

The driver’s input through the accelerator control, inter-
preted as explained above as a base requirement for engine
torque, effectively defines a required vehicle acceleration. To
establish what this value is, the base engine torque require-
ment TrqEngBaseReq is supplied to a transmission model
704 whose purpose is to calculate, for a given torque applied
by the engine to the transmission input, what torque TrqWhl
results at the output to the driven wheels. The model takes
account of course of current (instantaneous) variator ratio and
makes allowance also for energy losses (eg. due to friction)
going on within the transmission. The wheel torque thereby
calculated is output to a vehicle model 706 which estimates
the resulting vehicle acceleration. At its simplest such a
model could simply involve subtracting an estimate of a
retarding force on the vehicle due to braking, drag and friction
from the propulsive force created by the wheel torque, and
then dividing by vehicle mass. In the present embodiment the
model is in fact more sophisticated, using adaptive techniques
to allow for variable factors including road gradient, changes
in vehicle mass etc. The vehicle acceleration obtained from
vehicle model 706 is passed, as already pointed out, to the
block 703.

The relationship between vehicle speed, engine speed and
free inertia speed is dependent upon the transmission regime,
as also is the magnitude of the free inertia, so block 703
receives as a further input the current regime. This is not
indicated in the drawing, which is simplified in this and vari-
ous other respects for the sake of clarity.

6a. (iii) Torque Required to Drive Vehicle Wheels.

A value TrqEngBaseReq for this torque was obtained at the
stage of interpretation of driver demand.

Summing junction 710 adds the above three torques and its
output forms TrqEngReq, a request for engine torque which is
passed on to the engine control strategy.
6b. Modelling of Engine Response

An internal combustion engine does not respond instanta-
neously to the controls—fuelling etc.—by which the engine’s
torque is set. Instead there is a lag between adjustments to the
engine settings (resulting from changes in the torque request
TrqEngReq used in controlling the engine) and a correspond-
ing change to engine torque. Hence in a dynamic situation
there is a discrepancy between the engine torque request and
the engine torque actually produced. If no account were taken
of this discrepancy in controlling the dynamic balance
between engine torque and loading torque then errors would
result, impairing control of engine speed. Therefore the
present system uses an engine model 710 which, based upon
the engine torque request, produces an estimate of the instan-
taneous engine torque. In the present embodiment the engine
model is simply formed as a first order, low pass filter having

10

15

20

25

30

35

40

45

50

55

60

65

12

a time constant which is adjusted according to engine oper-
ating factors. In fact the same model is represented in dupli-
cate in FIG. 7 performing two separate operations. At 710 the
engine model is seen to receive the engine torque request
TrqEngReq, and so outputs an estimate of the actual engine
torque. However at 710' the model is supplied instead with the
base engine torque request TrqEngBaseReq and so outputs an
estimate of the engine torque which would be provided if the
engine were set according to the base request. The parameters
of'the model 710 (specifically its time constant, in the present
embodiment) are identical to those of the model 710" and are
chosen to correspond to current engine operating conditions.
The purpose of the dual use of this model will be explained
below.

6c¢. Setting Variator Reaction Torque

Up to now it has been explained how a requirement for
engine torque is obtained. The other main powertrain control
variable is the reaction torque to be created by the variator,
which in the type of hydraulically controlled variator dis-
cussed above is determined directly by the pressure differ-
ence across the variator’s actuators 28. It will now be
explained how the system determines a requirement for reac-
tion torque/pressure difference, to be used in setting the varia-
tor hydraulics.

In section 6 above, the engine torque requirement was
formed from three components: (i) the torque required to
accelerate the engine-side inertia J ; (ii) the torque required to
accelerate the transmission free inertia J ; and (iii) the torque
required to drive the vehicle wheels (i.e. the torque applied to
the vehicle-side inertia J ). Of these, components (ii) and (iii)
must be reacted by the variator in order to act upon the
relevant inertias J, J,. Hence the variator is set to react these
two torque components. As a result the difference between
the engine torque and the loading torque reacted by the varia-
tor to the engine should be equal to (1), providing the required
net torque to accelerate the engine. The two contributions (ii)
and (iii) to the variator reaction torque are calculated sepa-
rately and then added to obtain the total variator reaction
torque. In fact what the system calculates is not reaction
torque as such, but instead the required pressure difference
across the pistons of the variator actuators.

Looking firstly at calculation of (iii), the reaction torque/
pressure difference required to drive the vehicle wheels, it
should be recalled that the driver’s demand determines a base
engine torque request TrqEngBaseReq. This has been chosen
to be the engine torque which would (under conditions of
constant engine and vehicle speed, with no torque acting to
accelerate powertrain inertias) provide the wheel torque
demanded by the driver. Hence the system calculates this
contribution to the variator pressure difference by converting
the base engine torque request TrqEngBaseReq to an equiva-
lent pressure difference, the conversion being carried out by a
transmission model 712. The transmission model 712
receives various inputs (not illustrated) relating to the current
transmission operating condition including the current varia-
tor ratio and transmission regime, these being necessary in
determining the required pressure difference. Note however
that the base engine torque request is modified, before it is
supplied to the transmission model 712, by the engine model
710'. As explained above, this model allows for the lag in the
engine’s torque response when the requested engine torque is
changed.

Turning now to the calculation of (ii), the contribution to
the reaction torque required to accelerate the transmission
free inertia ] , it must be noted that in low regime the rotational
speed of J.depends upon the speed of both the engine and the
vehicle wheels, since this inertia is coupled to both through
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the epicyclic mixer E. The illustrated control system esti-
mates acceleration of J.based on estimated accelerations of
both the engine and the vehicle wheels. To obtain a prediction
of the vehicle wheel acceleration, use is made of vehicle
model 706', which is identical to the model 706 discussed
above. In this case the vehicle model receives an estimated
value of current wheel torque output from the transmission
model 712.

To obtain a prediction of engine acceleration, a value is
needed of the net torque acting upon the engine-side inertiaJ..
To obtain this, at 714 the output of engine model 710’ (i.e. the
estimated engine torque if the engine were set to provide the
base engine torque request) is subtracted from the output of
engine model 710 (the estimated current engine torque). An
adjustment is required, however, to deduct the engine torque
used in accelerating the transmission free inertia J. This
adjustment is effected at block 716, which also uses the result-
ant torque value to provide a predicted value of engine accel-
eration AccEngFEst.

Functional block 718 receives the predictions of both
engine and free inertia acceleration and based upon them, and
taking account of the current transmission regime, calculates
the torque taken up in accelerating the inertia of the power-
train. The same block converts the resulting torque value to a
pressure difference value.

Finally by adding the two contributions to the pressure
difference at 720, the system forms the pressure difference
request PressDiffReq. This request is used in setting valves
which control the pressure difference across the actuators of
the variator, and hence control the reaction torque.

7. Correction of Powertrain Settings

This aspect will only be briefly described. For greater
detail, the reader is referred to Torotrak’s international patent
application EP/2004/003293. Summarising, the process
involves correcting the engine torque and/or reaction torque
in a feedback loop to reduce deviation of the engine speed
from that predicted based upon the estimated engine accel-
eration AccEngEst (FIG. 7). The steps involved are
a. Integrate AccEngEst, the estimated engine acceleration,
with respect to time to obtain a prediction of engine speed;
b. Compare the predicted engine speed with actual engine
speed and determine on this basis a “control effort” required
to reduce the difference between the two;

c. Adjust the required values of engine torque TrqEngReq
and/or variator pressure difference PressDiffReq to form the
values used to control the engine and transmission.

The process is carried out using a feedback controller. A
conventional proportional integral differential controller is
used in current prototypes. If, for example, actual engine
speed is less than predicted engine speed, the corrective
action is to reduce the engine loading by adjustment of the
reaction torque and/or to increase the engine torque. The
magnitude of the required correction (i.e. the required adjust-
ment to the engine loading/engine torque balance, which
adjustment can itself be expressed as a torque) is the control
effort. If engine speed is greater than the prediction then the
corrective action is to increase engine loading and/or decrease
engine torque. Adjustment is made preferentially to the load-
ing torque—i.e. to the variator—in view of its quick response.
Only if implementing the control effort through the variator
alone would result in an unacceptably large deviation of the
wheel torque from the desired value is adjustment made addi-
tionally to the engine torque.
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What is claimed:

1. A method of controlling a motor vehicle powertrain
comprising an engine which provides a controllable engine
torque and acts through a continuously variable transmission
comprising a torque-controlled variator to apply wheel torque
to driven wheel(s) of the motor vehicle, the transmission
being of the torque-controlled type, and the method compris-
ing:

determining a reaction torque requirement, the reaction

torque being generated in the torque-controlled variator,
and an engine torque requirement suitable to create a
desired wheel torque and a desired engine acceleration;
and

setting the engine torque and reaction torque accordingly,

the engine torque and reaction torque being indepen-
dently controllable, and being characterised in that the
aforementioned calculation involves estimating and
allowing for vehicle acceleration.

2. A method as claimed in claim 1 wherein the estimation
of vehicle acceleration is based upon the desired wheel
torque.

3. A method as claimed in claim 1 wherein the estimation
of'vehicle acceleration is carried out using an adaptive model
whose adjustable parameters include vehicle mass and road
gradient.

4. A method as claimed in claim 1 wherein the estimation
of vehicle acceleration involves estimation of braking force
applied by the vehicle brakes.

5. A method as claimed in claim 1 wherein the desired
engine acceleration is determined on the basis of current
engine speed and a target engine speed.

6. A method as claimed in claim 5 wherein the target engine
speed is determined on the basis of driver input.

7. A method as claimed in claim 1 wherein the desired
wheel torque is determined on the basis of driver input.

8. A method as claimed in claim 1 wherein the engine
torque requirement is the sum of (i) the engine torque needed
to accelerate moments of inertia of the engine and transmis-
sion, taking account of desired engine acceleration and esti-
mated vehicle acceleration and (ii) the engine torque needed
to provide the desired wheel torque, acting through the trans-
mission.

9. A method as claimed in claim 8 wherein a model of the
transmission, taking account of both current transmission
ratio and transmission efficiency, is used in determining the
engine torque needed to provide the desired wheel torque.

10. A method as claimed in claim 8 wherein, in calculating
the engine torque needed to accelerate moments of inertia of
the engine and transmission, allowance is made for (a) an
engine-side inertia, contributed by those rotary engine and
transmission components whose speed is proportional to
engine speed, and (b) a free inertia, contributed by those
transmission components whose speed is dependent upon
speed of both the engine and the driven wheel(s) of the motor
vehicle.

11. A method as claimed in claim 10 wherein acceleration
of' the free inertia is estimated based upon the desired engine
acceleration and the estimated vehicle acceleration.

12. A method as claimed in claim 1 wherein the engine
torque requirement is the sum of (i) the engine torque needed
to accelerate an engine-side inertia, contributed by those
rotary engine and transmission components whose speed is
proportional to engine speed, (ii) the engine torque needed to
accelerate a free inertia, contributed by those components of
the transmission whose speed is dependent upon speed of
both the engine and the driven wheels, and (iii) the engine
torque needed to accelerate the vehicle.
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13. A method as claimed in claim 12 wherein the reaction
torque requirement is the sum of (a) the reaction torque
required to cause acceleration of the free inertia, and (b) the
reaction torque required to cause acceleration of the vehicle.

14. A method as claimed in claim 1 further comprising 5
determining, taking account of lag in the engine’s response,
an estimated instantaneous engine torque, and taking account
of this in setting the reaction torque.

#* #* #* #* #*
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